A scheme for nonhomologous end-joining is shown tracts, which promote NHEJ in a reaction dependent in Figure 1 . It is thought that broken termini are recogupon all of these proteins, we have purified a novel nized by the Ku heterodimer, which then recruits DNAfactor that stimulates DNA end-joining in vitro. Using a PK cs , thereby activating its kinase activity. This large combination of phosphorus NMR, mass spectroscopy, complex serves to protect the DNA ends from nuclease and strong anion exchange chromatography, we idenattack, while also facilitating the recruitment of the tify this factor as inositol hexakisphosphate (IP 6 ). Puri-XRCC4/DNA ligase IV heterodimer. Although it is not fied IP 6 is bound by DNA-PK and specifically stimulates at present clear how end-bridging is achieved, these DNA-PK-dependent end-joining in vitro. The involvereactions result in the religation of the DSB, restoring ment of inositol phosphate in DNA-PK-dependent the integrity of the DNA.
complementation assay provided the basis for the purification of the stimulatory factor in PC-A, which we now designate Stimulatory Factor A (SFA).
Hypotonic lysis and subcellular fractionation of HeLa cells into nuclear and cytoplasmic fractions showed the cytoplasm to be rich in SFA (data not shown). By comparison, relatively low levels of SFA were detected in nuclear extracts. The presence of sheared chromosomal DNA in the nuclear extracts, which could compete for the factors involved in NHEJ, however, made it difficult to accurately assess the relative levels of SFA in these two subcellular compartments. Given that the removal of nuclei would minimize the amount of contaminating DNA, we chose to prepare SFA from the cytoplasmic fraction of 300 liters of HeLa cells.
Preliminary binding trials showed that cation-exchange resins such as Mono S or SP-sepharose failed to bind SFA. Therefore, anion-exchange resins of various strengths were used throughout the purification scheme (Figure 3) . During purification, we were somewhat surprised to discover that SFA was heat stable, insensitive to treatment with phenol, and insoluble in CHCl 3 . UV absorbance spectroscopy demonstrated that a sample of concentrated SFA did not absorb at 280 nm, indicating a lack of aromatic amino acids (data not shown). All attempts to degrade SFA using proteases (trypsin, V8 coccal nuclease. These treatments had no effect on the ability of SFA to stimulate end-joining (data not shown). UV absorbance spectroscopy demonstrated that a sam-DNA-PK cs to MO59J extracts, however, restored the abilple of concentrated SFA did not absorb at 260 nm, ity to join DNA ends in vitro. These results demonstrate indicating a lack of purine or pyrimidine moieties in the the dependence of the in vitro end-joining reaction upon sample (data not shown). These data demonstrate that DNA-PK cs .
SFA is not a nucleic acid.
Chemical Analysis of SFA Purification of a Factor that Stimulates DNA End-Joining In Vitro
To identify the active component in SFA, the sample was subjected to NMR and mass spectroscopy. Proton In previous studies, cell-free extracts capable of promoting DNA end-joining were fractionated by phosphodecoupled phosphorus NMR spectra ( Figure 4A ) revealed four peaks (ratio 1:2:2:1) close to the phosphoric cellulose chromatography (Baumann and West, 1998). One fraction (designated PC-C), which contained all acid standard suggesting six phosphate groups. The 1:2:2:1 ratio of peak intensities suggests two indepencomponents known to be required for NHEJ in vivo (Ku70/80, DNA-PK cs , XRCC4, DNA ligase IV), showed dent sets of equivalent phosphates as well as two nonequivalent individual phosphates. Proton phosphorus only limited ability to join DNA ends in vitro. The ability to promote end-joining, however, could be restored by coupled spectra ( Figure 4B ) revealed phosphorus proton doublets, consistent with each of the phosphate addition of a second fraction (designated PC-A). This groups being linked to a carbon participating in a caracids, the SFA sample was found to contain a number of species of low molecular mass. Although the SFA bon-hydrogen bond. These data suggest that the SFA sample contains an organophosphorus compound consample was found to be heterogeneous, a clear peak was detected at a mass of 660.9 Da. Additionally, an taining 6 phosphates, each directly linked to a (ϪCH) group.
array of peaks that differed from the original 660.9 Da peak by 22 Da (the mass of sodium Na ϩ ) were observed The molecular mass of SFA was determined by mass spectroscopy ( Figure 4C ). While no significant signal downstream of the 660.9 Da peak. These masses appear to correspond to the ϩ1 (Na ϩ ), ϩ2 (Na -ion followed by a series of related sodium salts at 682.9 Da (ϩ1 Na ϩ ), 704.9 Da (ϩ2 Na ϩ ), 726.9 Da (ϩ3 Na ϩ ).
([659.9 ϩ 1] ϩ1 Da), and that the array of peaks described above represent the sodium salts that would readily form with IP 6 . To confirm that the active component in SFA is indeed IP 6 , commercially available IP 6 was assayed for its ability to stimulate end-joining by PC-C. As shown in Figure  5B , IP 6 stimulated end-joining at concentrations in the region of 100 nM and stimulation was maximal at 1 M. End-joining by PC-C in the presence of 1 M IP 6 was found to be sensitive to the DNA-PK inhibitor LY294002 (data not shown). These results indicate that the endjoining reaction, which is stimulated by purified IP 6 , proceeds via the same DNA-PK-dependent pathway as that observed in whole cell extracts (Figure 2) .
To assess the specificity of NHEJ for IP 6 , we compared the ability of IP 6 to stimulate end-joining with other inositol phosphates (IP 5 , IP 4 , and IP 3 ). In addition, inositol hexasulphate (IS 6 -an inositol compound that would provide a charge distribution similar to that of IP 6 while presenting sulfate rather than phosphate groups) was also assayed. It was found that IS 6 was unable to stimulate end-joining, demonstrating a clear requirement for phosphate groups ( Figure 5C ). Indeed, we found that IP 6 proved to be the most effective inositol phosphate compound of those tested. IP 5 and IP 4 were also able to stimulate end-joining, but the efficiency of this stimulation was reduced relative to IP 6 . These data show that end-joining requires a phosphorylated inositol species, and that the stimulation of NHEJ is directly related to the extent of phosphorylation.
Further evidence that IP 6 is the active component in SFA was obtained by strong anion exchange (SAX) chromatography using a resin that is commonly utilized to separate highly charged molecules such as the inositol phosphates. To determine whether the NHEJ stimulating activity in SFA cofractionated with IP 6 , an aliquot of SFA was spiked with a trace amount of 3 H-IP 6 (4 nM), and the mixture was chromatographed on AG 1-X8 resin. Sulfur 10, 401-408.
